I. INTRODUCTION
Photoproduction of a meson off the nucleon target is one of the useful methods to study strongly interacting systems in terms of the hadronic degrees of freedom. For instance, it enables us to investigate the interaction structure of hadrons, baryon resonances, and various meaningful physical quantities for hadronic properties with the clear probe, photon. Especially, since the photon can be polarized linearly or circularly, various combinations of the polarizations of the photon, target nucleon, and recoil baryon can be identified as polarization observables. Among the possible polarization observables, we are interested in the polarization transfer coefficients C (x,z) using the circularly polarized photon in the present work. These physical quantities measure the spin projections of the recoil baryon on the photonbeam axis (z-axis) or the other axis on the reaction plane, (x-axis). In other words, they indicate how much the initial helicity is transferred to the recoil baryon, which is polarized in a certain direction. One may refer to Refs. [1, 2] for details on the polarization observables for the pseudoscalar-meson photoprodcution with the spin-1/2 recoil baryon in the final state.
We note that a series of experiments to measure the C (x,z) for the γp → K + Λ(1116, 1/2 + ) and K + Σ 0 (1192, 1/2 + ) reaction processes was already carried out by the CLAS collaboration [3, 4, 5] , in which the photon beam is almost 100% circularly polarized, via the Bremsstrrahlung from the polarized electron beam. It was reported that the C z turns out to be almost unity, whereas the C x zero, as functions of the outgoing kaon angle in the center of mass frame. A possible explanation on this strong polarization transfer in the longitudinal direction was provided in terms of the φ-meson and vector-meson dominance (VMD), considering a strangeness-quark pair (ss) inside the φ-meson [6] . In Ref. [2] , the isobar partial wave analysis was applied to these data. From the experiments, it is also found that various theoretical-hadronic models for the C (x,z) were still not good enough to reproduce the data, although a simple Regge model showed poor but qualitative agreement [4] . One of the reasons for these unsatisfying theoretical results is that the groud-state hyperon-photoproudcton is dominated much by the nucleon-and hyperon-resonance contributions, resulting in complicated interferences between the relevant contributions [7] . A Born approximation plus the quark-level scattering amplitudes was done in Ref. [8] , showing qualitative agreement to a certain extend.
In contrast to a great amount of the experimental and theoretical studies for the ground-state hyperonphotoproductions, only a few have been done for the spin-3/2 hyperons, especially for Λ(1520, 3/2 − ) ≡ Λ * [9, 10, 11, 12, 13, 14] . Interestingly, in our previous work, it turned out that the Λ * -photoproduction is not affected much from the nucleon resonances [12] . In other words, only the Born terms reproduce the presently available experimental data qualitatively well [9, 11] . Moreover, it turned out that the contact interaction of γN -KΛ * (see Fig. 1 ) dominates the reaction process, resulting in a large difference in the cross sections off the neutron and proton targets. Hence, taking into account the energetic progresses on the polarization experiments in experimental facilities such as the CLAS and LEPS, and less theoretical studies for the polarization observables for the Λ * -photoproduction, in the present work,
The relevant electromagnetic (EM) and strong interactions are defined as follows:
,
L KN Λ * = g KN Λ * M Λ * Λ * µ ∂ µ Kγ 5 N + h.c.,
where the e h and e Q stand for the electric charge of the hadron h and unit charge, respectively. The A, K, K * , N , and Λ * are the fields for the photon, kaon, vector kaon, nucleon, and Λ * . As for the spin-3/2 fermion field, we make use of the Rarita-Schwinger (RS) vector-spinor field [17, 18] (see Appendix for details). We use the notation σ · F = σ µν F µν , where σ µν = i(γ µ γ ν − γ ν γ µ )/2 and the EM field strength tensor F µν = ∂ µ A ν − ∂ ν A µ . The κ N,Λ * denote the anomalous magnetic momentum for the nucleon and the Λ * . Although the spin-3/2 Λ * has four different electromagnetic form factors [19] , we only take into account the dipole one, ignoring the quadrupole and octopole ones, since their contributions are small. From the experimental data, one can easily find that g γK * ± K ∓ = 0.254/GeV [20] . The strength of the g KN Λ * can be calculated using the full and partial decay widths: Γ Λ * ≈ 15.6 MeV and Γ Λ * →KN /Γ Λ * ≈ 0.45. The decay amplitude for Λ * →KN reads:
where the pK N indicates the three momentum of the the decaying particle which can be obtained by the Källen function for a decay 1 → 2, 3 [20] :
Here, the M i stands for the mass of the i-th particle. Substituting the experimental information into Eq. (2) and using Eq. (3), one is lead to g KN Λ * ≈ 11. The scattering amplitudes for the present reaction process can be evaluated straightforwardly using the interactions in Eq. (1):
where , u 1 , and u µ 2 denote the photon polarization vector, nucleon spinor, and RS vector-spinor. Since we are interested in the polarization transfer coefficients, the photon is circularly polarized. For definiteness, we write it in the right-and left-handed ones:
Here, we assume that the photon is polarized circularly 100% for simplicity. In further discussions, we will consider only the right-handed polarization hereafter. Since the hadrons are not point-like particles, it is necessary to introduce form factors, representing their spatial distributions. It is rather technical to include the form factors conserving the WT identity. For this purpose, we employ the form factor scheme developed in Refs. [21, 22] . This scheme preserves not only the Lorentz invariance but also the crossing symmetry of the amplitude, on top of the WT identity. Moreover, it satisfies the on-shell condition for the form factors: F (q 2 = 0) = 1. In this scheme, the form factors F s,t,u are defined generically as:
Here, the subscripts (s, t, u) indicate the Mandelstam variables, whereas the M s,t,u the masses of the off-shell particles in the (s, t, u)-channels. The Λ stands for a phenomenological cutoff parameter, which will be determined by matching with experimental data. The common form factor F c , which plays a critical role to keep the WT identity, reads:
It is clear that the F c satisfies the on-chell condition for arbitrary values of s and t. Now, we are in a position to consider the nucleon-resonance contributions. To date, we have not had much experimental information on the nucleon resonances, which couple to the Λ * . The situation seems much worse for the hyperons decaying into γΛ * . Only some theoretical calculations have provided information on the decays [15, 16] . Being different from the ground state Λ(1116)-photoproduction, in which nucleon and hyperon resonances play important roles to produce the data [7] , it is interesting that only the Born terms looks still good to explain the presently available experimental data for the Λ * -photorpdocution [9, 11] , although more dedicated experiments may reveal more complicated structures from unknown sources. Keeping this situation in mind, we attempt to include nucleon-resonance contribution using theoretical information from the relativistic constituent-quark model calculations [15] . Among the possible nucleon resonances given in Ref. [15] , we only choose the D 13 (2080) with the twostar confirmation ( * * ). Although the S 11 (2080) and D 15 (2300) may contribute to the present reaction process among the possible resonances given in Ref. [15] , we drop them, since the S 11 is still in poor confirmation and the D 15 may increase theoretical uncertainties in dealing with the spin-5/2 Lorentz structure [23] . In the theoretical calculations of Ref. [15] , N * (1945, 3/2 − ) is identified as the D 13 (2080). However, we will use the available experimental values for the D 13 (2080), not the theoretical ones, expect for the theoretical value for the partial decay width Γ D13→KΛ * ≈ 6.76 GeV. In order for computing the resonance contribution, we first define the transition and strong interactions for it as follows:
L KN * Λ * = g KN * Λ * M KΛ * µ γ 5 / ∂KN * µ + h.c., (8) where the N * denotes the field for the D 13 (2080). The magnetic coupling constant e Q µ γN N * can be computed using the following relation:
Here, the A N * 1/2,3/2 stand for the helicity amplitudes given experimentally as [20] :
where the C denotes a free parameter for the relative phase factor as mentioned above. We will take C = ±1. The Γ D13 is the full decay width and has large experimental uncertainty, Γ D13 = (87 ∼ 1075) MeV [20] . As a trial, we choose Γ D13 ≈ 500 MeV for the numerical calculations, although there is no firm theoretical ground for this choice at this moment. We verify that there are only small differences observed even for sizable change in the Γ D13 . If the Γ D13 becomes far narrower as lower than ∼ 100 MeV, the resonance contribution may become obvious. However, we consider that such a narrow nucleon resonance seems unlikely, unless there are unusual production mechanisms for the resonance like the exotics. Thus, we confined ourselves to the condition that Γ D13 > ∼ 300 MeV as usual nucleon resonances in the region behave.
Finally in this Section, we would like to define the kinematical setup for computing the polarization transfer coefficients. The setup is schematically drawn in Fig. 2 . We choose the x-z plane as the reaction plane, and the y-axis is perpendicular to the plane. The z-axis is taken to be the direction of the incident photon in the center of mass (cm) system, whereas the angle between the photon and the outgoing kaon is assigned as the θ K . This kinematical setup is called the (x, y, z)-coordinate for convenience. On the contrary, if we choose the z -axis along the outgoing kaon momentum, being equivalent to the rotation of the (x, y, z)-coordinate by θ K in the clockwise direction, this is called the (x , y , z )-coordinate. The general rotation matrix for (x, y, z, ) → (x , y , z ) around the y-axis can be written as
III. BRIEF REVIEW: UNPOLARIZED OBSERVABLES
Before computing the polarization transfer coefficients C (x,z) , we want to make a brief review for the model calculations of the γN → KΛ * in the present frame work. Detailed calculations are given in our previous work [12] . In the left panel of Fig. 3 , we show the total cross section as a function of the photon energy E γ . As for the solid, dotted, and dashed curves, we vary the cutoff parameter Λ = 650, 675, and 700 MeV, respectively. Here, we only consider the Born terms without the K * -exchange contribution. The experimental data comes from Ref. [11] 1 . All the cutoff values seem able to reproduce the data qualitatively well, depending on what energy region we are looking at. If we consider that the bumps indicated by the arrows at E γ ≈ 3.1 GeV ( √ s ≈ 2.6 GeV) and 3.9 GeV ( √ s ≈ 2.9 GeV) are coming from unknown resonance contributions, the curve with the Λ = 675 MeV may be reasonable for the background from the Born terms. Thus, we will use this value for the cutoff hereafter for the numerical calculations. We also draw the total cross section with the resonance contribution from the D 13 with the long-dashed line, which is almost coincide with the dotted one. Here, the relative phase factor C in Eq. (12) is chosen to be +1. From this result, we find that the D 13 contribution to the cross section in the present reaction process is almost negligible. We confirm that this behavior does not change much by altering the input parameters for the D 13 .
One of the most important consequences from our studies in Ref. [12] is that the contact term dominates the process. Therefore, the Λ * -photoproduction off the neutron target, in which the contact term does not appear, turns [11] . Right: differential cross section as a function of θK using Λ = 675 MeV at Eγ = 1.9 GeV (solid) and 2.4 GeV (dot) without the N * contribution. The experimental data are taken from Ref. [9] .
out to be much smaller than that off the proton one. This theoretical observation is the consequence of the gauge invariance, crossing symmetry, and on-shell condition for the form factors, although it may depend on the choice of the Lorentz structure for the spin-3/2 field. Interestingly, this finding has been supported experimentally [24] as well as theoretically [14] .
In the right panel of Fig. 3 , we depict the differential cross section as a function of the angle θ K . Here, we ignore the K * -exchange contribution again. The experimental data are taken from Ref. [9] . The data were accumulated for the photon energy region (1.9 < ∼ E γ < ∼ 2.4) GeV. The data points indicated by the solid circle, open circle, diamond, triangle, and box are categorized by the different channels of the measured particles and analyzing methods. See Ref. [9] for more details. As shown in the figure, the theoretical calculations match well with the data qualitatively, although an obvious deviation can be found in the rise of the curve in the backward scattering region. We also find that the D 13 contribution is negligible for the differential cross section, although we do not show the resonance contribution in the figure.
From these observations summarized in Fig. 3 , we can conclude that only the Born terms can reproduce the experimental data qualitatively very well and the resonance contribution may be negligible for the unpolarized observables, as long as we rely on the theoretical and experimental infformation for the resonances at this moment.
IV. POLARIZATION TRANSFER COEFFICIENTS
In this Section, we define the polarization transfer coefficients C (x,z) for the Λ * -photoproduction. Among the polarization observables in a meson photoproduction, the C (x,z) is identified as the spin asymmetry along the direction of the polarization of the recoil baryon with the circularly polarized photon beam. First, we define the polarization transfer coefficients in the (x , y , z )-coordiante, being similar to those for the spin-1/2 hyperon-photoproduction as in Refs. [2, 3] :
where the subscripts r, 0, and ±S x, z stand for the right-handed photon polarization, unpolarized target nucleon, and polarization of the recoil baryon along the x -or z -axis, respectively. Since the photon helicity is fixed to be +1 here, the C x ,z measures the polarization transfer to the recoil baryon. Moreover, the C x ,z behave as the components of a three vector so that it can be rotated to the (x, y, z)-coordinate as:
where the (x, y, z, )-coordinate stands for that the incident photon momentum is aligned to the z-axis. 
FIG. 4:
C (x,z),(1/2,3/2) from the contact term only computation for the low-energy region.
Here, we present a specific and simple example to compute the C (x,z) for the γN → KΛ * reaction process. As mentioned previously, since the contact term dominates the unpolarized amplitude and gives a quite compact Lorentz structure as shown in Eq. (4), it is a good starting point to consider only the contact term contribution for computing C (x,z) analytically. In the (x , y , z )-coordinate, when the polarization of the recoil baryon is directed to the x -or z -axis, it is easy to compute the C x ,z for the spin-1/2 state of the Λ * , using the definition of the RS vector-spinor given in Appendix and the amplitude in Eq. (4):
where we have used abbreviations c ≡ cos θ K and s ≡ sin θ K . Similarly, the spin-3/2 state of the C (x ,z ) can be obtained as
Note that these simple expressions for the C (x ,z ) are derived by assuming that the three momentum of the recoil baryon is much smaller than its mass (p Λ * M Λ * ). Using the rotation matrix Eq. (15), one can arrive at the following results for the C (x,z) :
and
It can be easily seen that the C x becomes zero, while the C z unity, in the collinear limit, θ K = 0 • or 180
• , which corresponds to p γ p K . This is a natural and model-independent consequence of the helicity conservation of the scattering amplitude [2] , i.e., no transverse polarization transfer at those angles. We depict the C (x,z),(1/2,3/2) in Eqs. (18) and (19) in Fig. 4 as functions of cos θ K . Note that they are all symmetric around θ K = 90
• . We also note that the curves oscillate around their collinear values, zero or unity.
V. NUMERICAL RESULTS
Now, we are in a position to provide numerical results for the polarization transfer coefficients C (x,z),(1/2,3/2) for the γp → K + Λ * reaction process. First, we show the C (x,z),(1/2,3/2) curves at E cm = 2.3 GeV for the separate contributions from each Born term for the spin-1/2 (left panel) and spin-3/2 (right panel) states in Fig. 5 . The solid lines stand for the case with the contact term only. As expected, they are almost the same with those given in Fig. 4 . There are only negligible effects by adding the s-channel contribution (dotted line). The reason for this small effect can be understood by that the no angular dependence comes from the s-channel. As for the u-channel, we dropped it by taking its anomalous magnetic momentum κ Λ * in Eq. (1) to be zero, since there is no available information on its value, and the u-channel is suppressed far more in comparison to other Born terms in the present form factor scheme [12] . Interestingly, the inclusion of the K-exchange contribution changes the curves much for both the C (x,z),1/2 . In addition to the oscillation from the contact-term contribution, the interference between the contact and K-exchange contributions generates complicated angular dependence for the polarization transfer coefficients. This interesting behavior can be understood by that the K-exchange amplitude possesses much more complicated angular as well as energy dependent Lorentz structure in comparison to that for the contact term, as shown in Eq. (4): iM K t ∝ q t · e Λ * , where the q t and e Λ * represent the momentum transfer in the t-channel and Λ * -polarization vector (see Appendix), respectively. According to the angular dependence from the K-exchange, we can see structures clearly in the vicinity around cos θ K ≈ 0.5. We also draw the curves for the C (x,z),3/2 in the right panel of the figure, and overall behaviors are similar to those for the C (x,z),1/2 .
In Fig. 6 , we take into account the contributions from the K * -exchange (left panel) and the D 13 resonance (rightpanel). Among theoretical calculations, Ref. [26] for instance, the strength of the g K * N Λ * was estimated much smaller than g KN Λ * . Hence, as a trial, we use g K * N Λ * = 0, ±11. The numerical results for E cm = 2.3 GeV reveal that the K * -exchange contribution is very small in comparison to the contact and K-exchange as shown in the left panel.
Only small deviation appears due to the K * -exchange for the C z,1/2 in the scattering region, cos θ K < ∼ 0.5. Similarly, it turns out that the effect from the D 13 (2080) is also negligible within our choice of the inputs for the resonance, where the C in the figure indicates the relative phase factor. Thus, we can ignore the K * -exchange and D 13 contributions, in addition to the s-and u-channels, rather safely for further calculations. This irrelevance of such Born terms and resonance contribution leads us to an interesting result; the C (x,z),(1/2,3/2) in the present calculations are almost independent on the type of form factors and, in other words, represent the information of their bare amplitudes, since the form factor F c can be factorized and canceled from the K-exchange and contact term amplitudes as understood in Eqs. (4) and (14) .
From now on, we provide the full numerical results for the polarization transfer coefficients as functions of cos θ K as well as E cm . As noted above, we will not take into account the K * -exchange and D 13 contributions. Since the present effective Lagrangian method is only applicable to the relatively low-energy regions, we do not go beyond E cm ≈ 2.4 GeV for the numerical calculations, since the reliability of the Born approximation can be broken down for the higher energy region. In Fig. 7 , we show the numerical results for the C (x,z),1/2 (left panel) and C (x,z),3/2 (right panel) as functions of cos θ K for four different center of mass (cm) energies, E cm = 2.1 (soild), 2.2 (dot), 2.3 (dash), and 2.4 (long-dash) GeV. First. we take a look on the C (x,z),1/2 . Qualitatively, the angle dependence of the C x and C z are similar to each other. This tendency is very similar to the empirical observation C z − C x ∼ 1 [4] for the ground state Λ(1116)-photoproduction. Moreover, as the energy increases, the polarization transfer to the recoil baryon Λ * , |C x,1/2 | also does, and vice versa for the |C z,1/2 |. Interestingly, for the angle region, −0.5 < ∼ cos θ K < ∼ 0.5, the photon helicity is almost equally distributed to the C x,1/2 and C z,1/2 . In the forward-scattering region (cos θ K ≈ 0), these quantities are rapidly changed to zero or unity satisfying the collinear condition. As for the C (x,z),3/2 case, overall behaviors are similar to those of the C (x,z),1/2 as shown in the right panel of Fig. 7 . On the contrary, the change of the curves are much more obvious with respect to the angle as well as the energy. One can see that the polarization transfer to the x-axis is drastically increases for the region 0.25 < ∼ cos θ K < ∼ 0.75, according to the K-exchange contribution. In Fig. 8 , we show the numerical results for the C (x,z),1/2 (left panel) and C (x,z),3/2 (right panel) as functions of the cm energy for four different angles, 0
• (solid), 30
• (dash), and 90
• (long-dash) from E cm = 2.05 GeV to 2.4 GeV. As shown in the figure, at θ K = 0
• , all the polarization transfers become zero or unity. As the angle increases, the complicated interference between the contact term and the K-exchange contributions takes place, resulting in that, as the energy increases, the |C x | also increases due to the K-exchange. Again, we can see the tendency C z,1/2 − C x,1/2 ∼ 1.
VI. SUMMARY AND CONCLUSION
In the present work, we have studied the polarization transfer coefficients C (x,z) for the γN → K + Λ(1520, 3/2 − ) reaction process. The effective Lagrangian method was employed at tree level, and the gauge-invariant form factor scheme was taken into account. We also considered the nucleon resonance D 13 (2080) on top of the Born terms. We have observed the followings:
• All the numerical calculations show correct collinear behaviors: C x,(1/2,3/2) = 0 and C z,(1/2,3/2) = 1 at θ K = 0
• and 180
• , respectively, due to the helicity conservation of the scattering amplitude.
• The K * -exchange and D 13 (2080) contributions are very small as long as we employ the presently available experimental and theoretical information on them.
• The contact-term contribution plays a significant role to determine the C (x,z) and produce their basic shapes, which oscillate around the collinear values, zero and unity, as functions of cos θ K . • The K-exchange contribution enhances the transverse polarizaztion transfer to the Λ * along the x-axis, according to the interference with the contact-term, as the E cm increases.
• The C (x,z),(1/2,3/2) show structures around θ K ≈ 60
• due to the K-exchange contribution, and |C x,(1/2,3/2) | and |C z,(1/2,3/2) | increase and decrease with respect to E cm .
• This contact term and K-exchange dominance reduces the theoretical uncertainty from the form factors in the present approach.
Since the CLAS and LESP collaborations have already explored the Λ(1520)-photoproduction for the unpolarized observables and are possible to produce the linearly or circularly polarized photon beam, we expect that polarization observables such as the C (x,z),(1/2,3/2) will be measured in near future. Then, the present theoretical calculations will be a useful guidance for analyzing the experimental data. At the same time, by comparing with the data, we can test the present theoretical approach for the Λ * -photoproduciton more precisely.
